1. Introduction {#s0005}
===============

Posterior cortical atrophy (PCA) is a rare neurodegenerative syndrome characterized by a prominent progressive impairment of higher visual functions, such as disturbances on recognizing, locating and/or reaching objects under visual guidance, but also on a broad range of other cognitive domains subtended by occipito-temporal (ventral), occipito-parietal (dorsal), primary visual (caudal) or dominant parietal cerebral pathways ([@bb0080]).

*In vivo* biomarker and postmortem pathological data indicate that the vast majority of reported cases of PCA are attributable to Alzheimer\'s disease (AD) ([@bb0015]; [@bb0235]; [@bb0260]). Unlike classic-amnestic AD, age at disease onset in PCA patients tends to be much earlier (from mid-50s to early 60) along with a relatively spared episodic memory ([@bb0045]; [@bb0075]).

In accordance with their clinical and neuropsychological features, magnetic resonance imaging (MRI) and 2-fluoro-2-deoxy-[d]{.smallcaps}-glucose (FDG) positron emission tomography (PET) studies in PCA patients have shown patterns of grey matter (GM) loss ([@bb0145]; [@bb0175]; [@bb0270]) and glucose hypometabolism ([@bb0200]; [@bb0275]) predominantly in visual association areas (involving mainly the occipito-parietal and occipito-temporal cortices). Diffusion tensor (DT) MRI studies have shown that PCA is also associated with degeneration of white matter (WM) long-distance tracts connecting the occipito-parietal to the temporal and frontal brain regions ([@bb0055]; [@bb0165]; [@bb0185]; [@bb0190]). A model in which neurodegeneration in PCA selectively targets both posterior regions of the default mode network (DMN) and the visual network has been proposed ([@bb0150]; [@bb0210]), although spatiotemporal trajectories of neurodegeneration are still not fully understood. Recent resting state functional MRI (RS fMRI) studies comparing small PCA samples with healthy controls reported altered higher visual network functional connectivity, while DMN findings were less consistent ([@bb0155]; [@bb0195]).

In the present cross-sectional study, we sought to identify structural and functional brain connectivity alterations in two independent samples of patients along the PCA disease course. Patterns of GM atrophy were also explored. Assessing brain network abnormalities in patients with disparate clinical symptoms would help elucidating patterns of disease spread.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Twenty-one patients with a diagnosis of PCA ([@bb0080]; [@bb0170]) and 44 age-matched healthy controls were consecutively recruited at the Clinic of Neurology, Faculty of Medicine, University of Belgrade, Belgrade, Serbia (Sample\#1: 8 PCA patients and 21 healthy controls) and the Department of Neurology, San Raffaele Scientific Institute, Milan, Italy (Sample\#2: 13 PCA patients and 20 healthy controls). Ten of the 13 PCA patients of Sample\#2 have been previously reported ([@bb0055]). This prior article dealt with structural MRI abnormalities in early onset AD variants, whereas in this manuscript we report on the patterns of structural and functional brain connectivity alterations in two independent samples of PCA patients. According to established criteria ([@bb0080]; [@bb0170]), diagnoses were based on a comprehensive evaluation including clinical history, neurological examination, and neuropsychological testing. Experienced neurologists blinded to the MRI results performed clinical assessments. History was taken with a structured interview from patients\' relatives. Eligibility criteria included: no family history of dementia; no significant medical illnesses or substance abuse that could interfere with cognitive functioning; no any major systemic, psychiatric or (other) neurological illnesses; and absence of other causes of focal or diffuse brain damage, including lacunae and extensive cerebrovascular disease at routine MRI. When available, clinical diagnoses were supported by FDG PET (6 cases in Sample\#1; 9 cases in Sample\#2) and/or cerebrospinal fluid biomarkers (3 cases in Sample\#1; 9 cases in Sample\#2). All patients had an AD-like biomarker profile. Healthy controls with no history of neurologic, psychiatric or major medical illnesses were recruited among friends and spouses of patients and by word of mouth. This study was approved by the Local Ethical Committee on human studies and written informed consent from all subjects was obtained prior to their enrolment.

2.2. Neuropsychological assessment {#s0020}
----------------------------------

In each centre, neuropsychological and behavioral evaluations were completed within 48 h of MRI by an experienced neuropsychologist, who was unaware of the MRI data. Full details are provided in the Supplementary Material.

2.3. MRI acquisition {#s0025}
--------------------

Sample\#1. MRI scans were obtained on a 1.5 Tesla Philips Medical System Achieva.

The following sequences were acquired: (i) dual-echo turbo (DE) spin-echo (repetition time \[TR\] = 3125 ms, echo time \[TE\] = 20/100 ms, echo train length = 6, 44 axial slices, thickness = 3 mm with no gap, matrix size =256 × 247, field of view \[FOV\] = 240 × 232 mm^2^); (ii) three-dimensional (3D) sagittal T1-weighted Turbo Field Echo (TFE) (frequency direction = anterior-posterior; TR = 7.1 ms, TE = 3.3 ms, inversion time \[TI\] = 1000 ms, flip angle = 8^°^, matrix size = 256 × 256 × 180 \[inferior-superior, anterior-posterior, left-right\], FOV = 256 × 256 mm^2^); (iii) pulsed gradient SE single shot echo planar (EP) (TR = 6715 ms, TE = 86 ms, flip angle = 90°, matrix size = 112 × 110, FOV = 224 × 220 mm^2^; 50 axial slices, thickness = 2.6 mm with no gap), with diffusion-encoding gradients applied in 65 non-collinear directions, selected as the default in the scanner (b factor = 1000 s/mm^2^; seven averages). The maximum amplitude of the diffusion gradients was 33 mT/m and a multiple channel head coil was used for signal reception; and (iv) gradient-echo (GRE) EP imaging (EPI) sequence for RS fMRI (TR = 3000 ms, TE = 35 ms, flip angle = 90°, matrix size = 128 × 128, FOV = 240 × 240 mm^2^; slice thickness = 4 mm, 200 sets of 30 contiguous axial slices). Total acquisition time of RS fMRI was about 12 min. During scanning, subjects were instructed to remain motionless and to keep their eyes closed.

Sample\#2. MRI scans were obtained on a 3.0 T Philips Medical Systems Intera machine. The following sequences were acquired: (i) T2-weighted spin echo (SE) (TR = 3000 ms, TE = 85 ms, flip angle = 90°, echo train length = 15, thickness = 3 mm, 46 contiguous axial slices, FOV = 230 × 208 mm^2^, matrix size = 256 × 242); (ii) fluid-attenuated inversion recovery (FLAIR) (TR = 11,000 ms, TE = 120 ms, inversion time = 2800 ms, flip angle = 90°, echo train length = 21, thickness = 3 mm, 46 contiguous axial slices, FOV = 230 × 183 mm^2^, matrix size =256 × 192); (iii) 3D T1-weighted fast field echo (TR = 25 ms, TE = 4.6 ms, flip angle = 30°, thickness = 1 mm, 220 contiguous axial slices, and in-plane resolution 0.89 × 0.89 mm^2^, FOV = 230 × 230 mm^2^, matrix size = 256 × 256,); (iv) pulsed-gradient SE EP with sensitivity encoding (acceleration factor = 2.5, TR = 8986 ms, TE = 80 ms, thickness = 2.5 mm, 55 contiguous axial slices number of acquisitions = 2; FOV = 240 × 240 mm^2^, acquisition matrix = 96 × 96, in-plane pixel size 0.94 × 0.94 mm^2^), with diffusion-encoding gradients applied in 32 non-collinear directions, using a gradient scheme which is standard on this system (gradient over-plus) and optimized to reduce echo time as much as possible (b factor = 1000 s/mm^2^); and (v) T2\*-weighted single-shot EPI sequence for RS fMRI (TR = 3000 ms, TE = 35 ms, flip angle = 90°, matrix size = 128 × 128, FOV = 240 × 240 mm^2^; slice thickness = 4 mm, 200 sets of 30 contiguous axial slices). Total acquisition time of RS fMRI was about 10 min. During scanning, subjects were instructed to remain motionless and to keep their eyes closed.

2.4. MRI analysis {#s0030}
-----------------

An experienced observer, blinded to patients\' identity, performed MRI analysis. Briefly, GM atrophy was investigated using voxel-based morphometry (VBM) in SPM12; microstructural damage of WM tracts was assessed using DT MRI and probabilistic tractography in FSL; RS functional connectivity of brain networks was explored using a model free approach in FSL (MELODIC).

### 2.4.1. GM atrophy: voxel-based morphometry {#s0035}

VBM was performed using SPM12 and the Diffeomorphic Anatomical Registration Exponentiated Lie Algebra (DARTEL) registration method ([@bb0030]). Briefly, (i) T1-weighted images were segmented to produce GM, WM and cerebrospinal fluid (CSF) tissue probability maps in the Montreal Neurological Institute (MNI) space; (ii) the segmentation parameters obtained from the step (i) were imported in DARTEL; (iii) the rigidly aligned version of the images previously segmented (i) was generated; (iv) the DARTEL template was created and the obtained flow fields were applied to the rigidly-aligned segments to warp them to the common DARTEL space and then modulated using the Jacobian determinants. Since the DARTEL process warps to a common space that is smaller than the MNI space, we performed an additional transformation as follows: (v) the modulated images from DARTEL were normalized to the MNI template using an affine transformation estimated from the DARTEL GM template and the a priori GM probability map without resampling (<http://brainmap.wisc.edu/normalizeDARTELtoMNI>). Prior to statistical computations, images were smoothed with an 8 mm FWHM Gaussian filter.

### 2.4.2. WM tracts: tractography {#s0040}

The diffusion-weighted data were skull-stripped using the Brain Extraction Tool (BET) implemented in FSLv5.0 (<http://fsl.fmrib.ox.ac.uk/fsl>). In Sample\#1, the diffusion-weighted images (DWI) were corrected for distortions caused by eddy currents and movements, using an implementation of the algorithm described in [@bb0220] ([@bb0220]) (<http://white.stanford.edu/newlm/index.php/DTI_Preprocessing#dti> Raw_Preprocessing_Pipeline). This eddy-current/motion correction step combines a rigid-body 3D motion correction (6 parameters) with a constrained non-linear warping (8 parameters) based on a model of the expected eddy-current distortions. In Sample\#2, using FMRIB\'s Linear Image Registration Tool (FLIRT), the two diffusion-weighted scans were coregistered by applying the rigid transformation needed to correct for position between the two b~0~ images (T2-weighted, but not diffusion-weighted). The rotation component was also applied to diffusion-weighted directions. Eddy currents correction was performed using the JIM5 software. Then, the two acquisitions were concatenated.

In both Samples, the DT was estimated on a voxel-by-voxel basis using the DTIfit toolbox, part of the FMRIB Diffusion Toolbox within FSL, in order to obtain fractional anisotropy (FA), mean (MD), axial (axD) and radial diffusivities (radD) maps.

Seeds for tractography of the cingulum, corpus callosum (CC-whole tract, genu, body and splenium), superior longitudinal (SLF), inferior longitudinal (ILF), and uncinate fasciculi were defined in the MNI space on the FA template provided by FSL, as previously described ([@bb0050]). Fiber tracking was performed in native DT MRI space using a probabilistic tractography algorithm implemented in FSL (probtrackx), which is based on Bayesian estimation of diffusion parameters (Bedpostx) ([@bb0040]). Fiber tracking was initiated from all voxels within the seed masks in the diffusion space to generate 5000 streamline samples with a step length of 0.5 mm and a curvature threshold of 0.2. Tract maps were then normalized taking into consideration the number of voxels in the seed masks. To this aim, the number of streamlines present in the voxels of the tract maps was divided by the way-total, which corresponds to the total number of streamlines that were not rejected by the exclusion masks. The tract masks obtained were thresholded at a value equal to 40% of the 95th percentile of the distribution of the intensity values of the voxels included in the tract. This normalization procedure allowed to correct for possible differences between tracts due to the different sizes of the starting seeds. In this way, we also excluded the background noise and avoided a too restrictive thresholding when the maximum intensity value was an outlier. Using a "seed" approach, the reconstructions of the tracts of interest were obtained. For each tract, the average FA, MD, axD and radD were calculated in the native space.

### 2.4.3. RS functional connectivity {#s0045}

In both samples, FMRI analysis was performed using FSL (FSLv5.0). Preprocessing was performed using FEAT ([@bb0135]; [@bb0250]; [@bb0280]) and included: (i) removal of the first four volumes to allow for signal equilibration; (ii) head movement correction by volume-realignment to the middle volume using MCFLIRT; (iii) global 4D mean intensity normalization; and (iv) spatial smoothing (5 mm FWHM). We then applied ICA-AROMA (Independent Component Analysis-based Automatic Removal Of Motion Artifacts) ([@bb0215]) in order to identify those independent components (ICs) representing motion-related artifacts. This method calculates a set of spatial and temporal discriminative features and, according to them, exploits a classification procedure to identify ICs representing motion artifacts. Specifically, these features evaluate the spatial overlaps of each component with the edges of brain and CSF, and the frequency content and the temporal correlation with realignment parameters of the IC time-series. Finally, ICs classified as motion-related were removed from the fMRI dataset by means of linear regression. Resulting fMRI dataset was then high-pass filtered (cut-off frequency of 0.01 Hz) and co-registered to the participant\'s 3D T1-weighted TFE image using affine boundary-based registration as implemented in FLIRT ([@bb0110]; [@bb0130]), and subsequently transformed to the MNI152 standard space with 4 mm isotropic resolution using non-linear registration through FNIRT ([@bb0020]). Pre-processed fMRI data, containing 196 time-points for each subject, were temporally concatenated across subjects to create a single 4D dataset. This FMRI dataset was then decomposed into ICs with a free estimation for the number of components using MELODIC (Multivariate Exploratory Linear Optimized Decomposition into Independent Components) ([@bb0035]).

2.5. Statistical analysis {#s0050}
-------------------------

### 2.5.1. Demographic, clinical and cognitive data {#s0055}

Group comparisons of continuous variables were performed using ANOVA models, followed by post-hoc pairwise comparisons (SAS Release 9.3, SAS Institute, Cary, NC, USA).

### 2.5.2. Voxel-based morphometry {#s0060}

Analyses of covariance were performed to assess GM volume differences between each PCA patient group and age-matched healthy controls. Total intracranial volume and age at the MRI were included in the models as covariates. The statistical threshold was set at p \< 0.05 Family-wise error (FWE)-corrected within at least 20 contiguous voxels.

### 2.5.3. DT MRI metrics of WM tracts {#s0065}

DT MRI measures of WM tracts of interest (cingulum, CC, SLF, ILF, uncinate fasciculus) were compared between groups using ANCOVA models, age and Bonferroni-corrected for multiple comparisons (p \< 0.05; SAS Release 9.3).

### 2.5.4. RS functional connectivity {#s0070}

Between-group analysis of the RS fMRI data was carried out using a dual-regression technique as implemented in FSL ([@bb0105]), an approach that allows to identify subject-specific temporal dynamics and spatial maps that are associated with each group IC map. Among group-IC spatial maps, ICs of interest (DMN, visual network, left and right frontoparietal networks, frontal, salience, dorsal attentive networks) were selected by visual inspection based on previous literature ([@bb0255]) (Supplementary Figure). Then, dual-regression procedure was performed, which involves: (i) the use of the selected group-IC spatial maps in a linear model fit (spatial regression) against the single subject fMRI data sets, resulting in matrices describing temporal dynamics for each IC and subject; and (ii) the use of these time-course matrices which are entered into a linear model fit (temporal regression) against the associated fMRI data set to estimate subject-specific spatial maps ([@bb0105]). After dual regression, spatial maps of all subjects were collected into single 4D files for each original IC. Nonparametric permutation tests (5000 permutations) were used to detect statistically significant differences between groups within the RSN of interest obtained with MELODIC (the single 4D files for each original IC) ([@bb0205]). Furthermore, analyses were corrected for GM segments, age and restricted within the spatial RS network of interest using binary masks obtained by thresholding the corresponding Z map image (Z \> 2.3). FWE correction for multiple comparisons was performed, implementing the Threshold-Free Cluster Enhancement method using a significance threshold of p \< 0.05 ([@bb0245]).

### 2.5.5. Correlations {#s0075}

In PCA patients, correlations between clinical features, DT MRI measures, and RS functional connectivity findings were tested. Analyses were restricted to MRI metrics significantly different between patients and controls. Multiple regression models were Bonferroni-corrected for multiple comparisons (p \< 0.05; SAS Release 9.3).

3. Results {#s0080}
==========

3.1. Demographic, clinical and cognitive data {#s0085}
---------------------------------------------

Groups were similar for age and gender. Sample\#2 patients had less years of education than controls and Sample\#1 patients ([Table 1](#t0005){ref-type="table"}). PCA groups were similar for age at the disease onset, but Sample\#1 had longer disease duration and a trend toward a greater disease severity compared to patients of Sample\#2 ([Table 1](#t0005){ref-type="table"}). Compared with controls, PCA patients performed worse in all investigated cognitive domains (Supplementary Tables 1 and 2). At the time of the visit, patients presented with ventral symptoms, such as visual agnosia (52%), prosopagnosia (57%), and alexia (86%); dorsal symptoms, such as neglect (24%), optic ataxia (38%), oculomotor apraxia (19%) and simultanagnosia (43%); Gerstmann\'s syndrome such as finger agnosia (52%), left and right disorientation (48%) and acalculia (66%); and other deficits such as apperceptive agnosia (71%), space perception and exploration (76%) and ideomotor limb apraxia (81%) ([Table 2](#t0010){ref-type="table"}).Table 1Demographic and clinical features of PCA patients and healthy controls.Table 1Sample\#1Sample\#2PCAHCpPCAHCpp Between patient groupsNumber8241320Men/women (% men)5/3 (63%)14/10 (58%)0.844/9 (31%)7/13 (35%)0.800.15Age at MRI, years60.2 ± 4.7 (53--67)60.9 ± 6.7 (50--74)0.7861.9 ± 6.0 (56--78)62.0 ± 2.80.970.50Education, years13.6 ± 2.3 (12--17)13.0 ± 3.1 (8--18)0.639.5 ± 3.2 (5--13)16.0 ± 4.7\<0.0010.01Age at onset, years55.4 ± 4.8 (49--63)----58.5 ± 6.6 (52--77)----0.26Disease duration, years4.8 ± 1.6 (3--8)----3.4 ± 1.1 (1--5)----0.02CSF, Aβ~42~\*552.0 ± 229.0 (414--816)----369.4 ± 180.4 (151--607)------CSF, T-Tau\*502.7 ± 174.6 (391--704)----339.0 ± 192.6 (80--644)------CSF, p-Tau\*79.4 ± 12.6 (72--94)----103.1 ± 100.9 (36--363)------CDR1.9 ± 0.9 (0.5--3)----1.2 ± 0.4 (1--2)----0.07CDR, SB10.9 ± 5.8 (0--18)----5.4 ± 1.6 (4--8)----0.07ADL34.8 ± 25.0 (0--70)----5.3 ± 1.1 (3--6)----NC[^2][^3]Table 2Clinical features of each PCA patient from the two samples at the time of the MRI scan.Table 2Sample\#1Sample\#2Cases1234567812345678910111213Ventral symptoms Visual agnosia+++++++++++ Prosopoagnosia++++++++++++ Alexia++++++++++++++++++Dorsal symptoms Neglect+++++ Optic ataxia++++++++ Oculomotor apraxia++++ Simultanagnosia+++++++++Gerstmann\'s syndrome Finger agnosia+++++++++++ L/R disorientation++++++++++ Acalculia++++++++++++++Other deficits Apperceptive agnosia\*+++++++++++++++ Space perception and exploration++++++++++++++++ Ideomotor limb apraxia+++++++++++++++++[^4]

3.2. Voxel-based morphometry {#s0090}
----------------------------

The severity and regional distribution of GM loss in each patient group vs controls were consistent with those reported in the literature ([@bb0145]; [@bb0175]; [@bb0270]) (Supplementary Table 3, [Fig. 1](#f0005){ref-type="fig"}). Briefly, regions of GM volume loss were detected in both PCA samples in the occipital (fusiform, inferior and middle occipital gyri, mainly at the right side), parietal (bilateral angular and middle cingulum), temporal (bilateral middle and inferior temporal gyri and hippocampus), and frontal (small clusters in the bilateral middle and inferior frontal gyri) cortices (Supplementary Table 3, [Fig. 1](#f0005){ref-type="fig"}), with a greater extent to the posterior brain regions.Fig. 1Grey matter (GM) atrophy (warm colours) and white matter (WM) tract damage (green colour) in patients with posterior cortical atrophy compared with healthy controls accounting for age. Patterns of damage represent findings of voxel based morphometry for GM (p \< 0.05 Family Wise Error-corrected within 20 contiguous voxels; coloured bars denote T values) and tractography for WM tracts (p \< 0.05 Bonferroni-corrected for multiple comparisons). Results are overlaid on the Montreal Neurological Institute standard brain in neurological convention (right is right). L = left; R = Right.Fig. 1

3.3. WM tracts {#s0095}
--------------

Compared with controls, both PCA groups showed a pattern of WM damage involving the body and splenium of the CC, bilateral SLF and left ILF ([Table 3](#t0015){ref-type="table"}, [Fig. 1](#f0005){ref-type="fig"}). Sample\#1 showed further WM alterations in the bilateral cingulum and right ILF ([Table 3](#t0015){ref-type="table"}, [Fig. 1](#f0005){ref-type="fig"}).Table 3Diffusion Tensor MRI metrics of white matter tracts in PCA patients and healthy controls.Table 3Sample\#1Sample\#2FAMD \[×10^−3^ mm^2^ s^−1^\]FAMD \[×10^−3^ mm^2^ s^−1^\]RegionPCAHCpPCAHCpPCAHCpPCAHCpCC0.52 ± 0.02 (0.49--0.55)0.56 ± 0.02 (0.51--0.60)\<0.0011.02 ± 0.09 (0.93--1.17)0.92 ± 0.05 (0.84--1.01)0.030.47 ± 0.04 (0.43--0.52)0.50 ± 0.02 (0.46--0.54)0.601.01 ± 0.11 (0.83--1.15)0.87 ± 0.04 (0.82--0.94)\<0.001CC Genu0.48 ± 0.03 (0.44--0.53)0.51 ± 0.02 (0.47--0.57)0.350.96 ± 0.08 (0.83--1.08)0.92 ± 0.07 (0.82--1.09)1.000.44 ± 0.04 (0.39--0.50)0.44 ± 0.02 (0.39--0.48)1.000.95 ± 0.10 (0.79--1.09)0.89 ± 0.06 (0.80--1.01)1.00CC Body0.49 ± 0.02 (0.46--0.52)0.53 ± 0.02 (0.50--0.58)0.0031.00 ± 0.09 (0.91--1.18)0.91 ± 0.06 (0.82--1.01)0.080.45 ± 0.04 (0.39--0.51)0.47 ± 0.02 (0.43--0.52)1.001.01 ± 0.12 (0.82--1.23)0.85 ± 0.04 (0.79--0.95)0.001CC Splenium0.56 ± 0.02 (0.54--0.59)0.60 ± 0.02 (0.55--0.65)\<0.0011.09 ± 0.09 (1.00--1.25)0.93 ± 0.05 (0.86--1.02)\<0.0010.50 ± 0.03 (0.43--0.54)0.52 ± 0.02 (0.48--0.55)1.001.02 ± 0.12 (0.89--1.34)0.89 ± 0.04 (0.84--0.98)0.01L Cingulum0.39 ± 0.04 (0.32--0.43)0.42 ± 0.03 (0.38--0.51)0.500.89 ± 0.06 (0.84--0.97)0.83 ± 0.03 (0.75--0.88)0.030.35 ± 0.03 (0.30--0.39)0.36 ± 0.02 (0.32--0.40)1.000.87 ± 0.05 (0.82--0.97)0.83 ± 0.03 (0.78--0.91)0.86R Cingulum0.37 ± 0.03 (0.32--0.41)0.41 ± 0.03 (0.36--0.47)0.410.90 ± 0.07 (0.83--1.02)0.82 ± 0.03 (0.77--0.87)0.020.33 ± 0.03 (0.29--0.37)0.35 ± 0.02 (0.31--0.38)1.000.87 ± 0.06 (0.76--0.95)0.81 ± 0.03 (0.78--0.86)0.19L ILF0.43 ± 0.05 (0.32--0.48)0.46 ± 0.04 (0.38--0.52)1.000.91 ± 0.07 (0.81--1.04)0.83 ± 0.03 (0.78--0.90)0.010.43 ± 0.03 (0.39--0.49)0.43 ± 0.02 (0.38--0.49)1.000.89 ± 0.05 (0.84--0.99)0.83 ± 0.04 (0.76--0.90)0.02R ILF0.42 ± 0.04 (0.33--0.47)0.45 ± 0.05 (0.35--0.54)1.000.89 ± 0.03 (0.85--0.93)0.81 ± 0.04 (0.76--0.90)\<0.0010.42 ± 0.03 (0.34--0.47)0.43 ± 0.02 (0.38--0.47)1.000.88 ± 0.06 (0.82--0.98)0.83 ± 0.04 (0.77--0.90)0.65L SLF0.42 ± 0.03 (0.39--0.47)0.45 ± 0.04 (0.39--0.54)1.000.83 ± 0.04 (0.77--0.90)0.78 ± 0.03 (0.72--0.82)0.0050.39 ± 0.03 (0.33--0.43)0.42 ± 0.02 (0.39--0.45)0.050.81 ± 0.04 (0.77--0.89)0.75 ± 0.03 (0.70--0.80)\<0.001R SLF0.40 ± 0.03 (0.35--0.45)0.45 ± 0.03 (0.37--0.50)0.040.87 ± 0.05 (0.80--0.95)0.78 ± 0.03 (0.73--0.84)\<0.0010.37 ± 0.04 (0.30--0.44)0.40 ± 0.02 (0.37--0.44)0.140.83 ± 0.05 (0.77--0.93)0.77 ± 0.02 (0.73--0.80)0.003L UNC0.43 ± 0.04 (0.38--0.50)0.44 ± 0.03 (0.36--0.49)1.000.86 ± 0.02 (0.83--0.88)0.85 ± 0.04 (0.80--1.01)1.000.36 ± 0.04 (0.30--0.43)0.37 ± 0.03 (0.29--0.43)1.000.89 ± 0.06 (0.80--0.98)0.85 ± 0.04 (0.78--0.95)0.39R UNC0.42 ± 0.03 (0.38--0.47)0.43 ± 0.07 (0.23--0.52)1.000.86 ± 0.04 (0.81--0.93)0.84 ± 0.05 (0.76--0.94)1.000.37 ± 0.02 (0.31--0.39)0.38 ± 0.03 (0.34--0.42)1.000.88 ± 0.06 (0.82--1.03)0.84 ± 0.03 (0.78--0.89)0.24radD \[×10--3 mm2 s-1\]axD \[×10--3 mm2 s-1\]radD \[×10--3 mm2 s-1\]axD \[×10--3 mm2 s-1\]CC0.70 ± 0.08 (0.61--0.82)0.60 ± 0.05 (0.53--0.67)0.0051.66 ± 0.10 (1.56--1.86)1.57 ± 0.07 (1.45--1.71)0.360.73 ± 0.11 (0.56--0.87)0.60 ± 0.04 (0.55--0.69)0.0041.57 ± 0.10 (1.37--1.70)1.40 ± 0.05 (1.34--1.50)\<0.001CC Genu0.68 ± 0.08 (0.56--0.79)0.64 ± 0.06 (0.55--0.76)1.001.51 ± 0.11 (1.37--1.66)1.50 ± 0.10 (1.37--1.74)1.000.70 ± 0.10 (0.55--0.84)0.66 ± 0.06 (0.58--0.78)1.001.43 ± 0.10 (1.26--1.57)1.35 ± 0.07 (1.25--1.47)0.28CC Body0.71 ± 0.08 (0.62--0.86)0.61 ± 0.05 (0.53--0.68)0.021.59 ± 0.10 (1.50--1.82)1.51 ± 0.07 (1.39--1.66)0.700.73 ± 0.12 (0.57--0.95)0.60 ± 0.04 (0.54--0.71)0.011.53 ± 0.14 (1.32--1.80)1.33 ± 0.05 (1.26--1.42)\<0.001CC Splenium0.73 ± 0.07 (0.63--0.85)0.58 ± 0.04 (0.49--0.68)\<0.0011.83 ± 0.11 (1.73--2.06)1.64 ± 0.07 (1.53--1.78)\<0.0010.70 ± 0.12 (0.59--1.03)0.61 ± 0.03 (0.56--0.68)0.231.68 ± 0.14 (1.48--1.97)1.45 ± 0.06 (1.35--1.58)\<0.001L Cingulum0.70 ± 0.07 (0.63--0.81)0.62 ± 0.04 (0.51--0.69)0.031.26 ± 0.05 (1.19--1.33)1.24 ± 0.04 (1.18--1.32)1.000.71 ± 0.06 (0.65--0.81)0.67 ± 0.04 (0.61--0.75)0.621.20 ± 0.04 (1.15--1.27)1.16 ± 0.04 (1.10--1.24)0.39R Cingulum0.72 ± 0.07 (0.64--0.83)0.63 ± 0.04 (0.55--0.68)0.011.26 ± 0.07 (1.19--1.39)1.21 ± 0.04 (1.14--1.27)1.000.71 ± 0.06 (0.60--0.81)0.66 ± 0.03 (0.61--0.72)0.151.17 ± 0.05 (1.07--1.24)1.12 ± 0.03 (1.07--1.17)0.11L ILF0.68 ± 0.08 (0.60--0.87)0.60 ± 0.04 (0.54--0.69)0.071.37 ± 0.07 (1.22--1.46)1.28 ± 0.06\
(1.18--1.40)0.100.67 ± 0.05 (0.61--0.77)0.62 ± 0.04 (0.54--0.69)0.201.32 ± 0.06 (1.21--1.41)1.23 ± 0.04 (1.18--1.32)0.003R ILF0.68 ± 0.04 (0.62--0.74)0.60 ± 0.05 (0.53--0.68)0.021.33 ± 0.04 (1.25--1.36)1.22 ± 0.07 (1.09--1.34)0.040.67 ± 0.06 (0.61--0.80)0.63 ± 0.04 (0.56--0.70)0.691.29 ± 0.05 (1.21--1.38)1.24 ± 0.05 (1.18--1.33)0.89L SLF0.64 ± 0.04 (0.56--0.71)0.58 ± 0.04 (0.48--0.65)0.031.22 ± 0.04 (1.18--1.29)1.18 ± 0.04 (1.09--1.25)0.370.64 ± 0.05 (0.58--0.73)0.57 ± 0.03 (0.53--0.62)0.0011.16 ± 0.03 (1.12--1.21)1.10 ± 0.03 (1.04--1.16)\<0.001R SLF0.68 ± 0.06 (0.60--0.75)0.58 ± 0.03 (0.51--0.65)\<0.0011.25 ± 0.05 (1.21--1.34)1.17 ± 0.04 (1.13--1.24)0.0030.66 ± 0.06 (0.57--0.78)0.59 ± 0.02 (0.56--0.63)0.011.16 ± 0.04 (1.07--1.22)1.11 ± 0.03 (1.05--1.15)0.02L UNC0.64 ± 0.04 (0.57--0.69)0.63 ± 0.06 (0.57--0.83)1.001.29 ± 0.04 (1.24--1.36)1.28 ± 0.04 (1.22--1.37)1.000.71 ± 0.06 (0.60--0.80)0.67 ± 0.04 (0.60--0.77)0.691.25 ± 0.07 (1.14--1.37)1.20 ± 0.05 (1.10--1.31)0.98R UNC0.65 ± 0.04 (0.58--0.73)0.63 ± 0.07 (0.55--0.79)1.001.30 ± 0.04 (1.24--1.35)1.26 ± 0.06 (1.12--1.38)1.000.69 ± 0.06 (0.64--0.86)0.65 ± 0.04 (0.60--0.72)0.571.24 ± 0.06 (1.18--1.39)1.20 ± 0.03 (1.14--1.25)0.18[^5]

3.4. RS functional connectivity {#s0100}
-------------------------------

Compared with healthy controls, each group of PCA patients showed common patterns of reduced RS functional connectivity in the left middle occipital gyrus within the visual I network and in the right posterior cingulum and precuneus within the DMN ([Table 4](#t0020){ref-type="table"}, [Fig. 2](#f0010){ref-type="fig"}). In Sample\#1 group compared with controls, reduced functional connectivity further extended to the bilateral calcarine cortex and cuneus within the visual I network and to the left middle temporal and occipital gyri within the DMN ([Table 4](#t0020){ref-type="table"}, [Fig. 2](#f0010){ref-type="fig"}). Furthermore, Sample\#1 compared with controls showed reduced RS functional connectivity in the left superior temporal gyrus, supramarginal gyrus and paracentral lobule within the dorsal attentive network; in the left thalamus and hippocampus within the salience network; and in the bilateral anterior cingulum and right medial superior frontal gyrus within the frontal network ([Table 4](#t0020){ref-type="table"}, [Fig. 2](#f0010){ref-type="fig"}). No clusters of increased functional connectivity were observed in PCA patients relative to controls.Table 4Regions of decreased resting state functional connectivity in PCA patients compared with healthy controls.Table 4Sample\#1Sample\#2RegionCluster extentxyzZRegionCluster extentxyzZ  Visual I networkVisual I networkR Calcarine1426−9444.66L Precuneus41−10−58442.95L Calcarine−2−8604.01R Precuneus6−70482.94L Cuneus−2−90243.60L Middle occipital24−34−86283.73R Cuneus2−86363.45R Precuneus32−42563.04L Middle occipital11−54−7444.78L Precuneus1−6−58603.03L Inferior occipital−50−74−43.54R Middle temporal538−5883.69  Default mode networkDefault mode networkR Calcarine41510−62125.58R Precuneus646−50204.10L Superior occipital−22−66365.27R Posterior cingulum2−38163.38L Lingual−10−4604.48L Cuneus−2−70324.45R Precuneus6−54243.92R Posterior cingulum14−46283.74L Middle temporal94−46−54204.42L Middle occipital−42−70123.48L Middle occipital9−50−78363.75  Dorsal attentive networkRight frontoparietal networkL Paracentral lobule8−2−26565.41R Supramarginal854−42404.18L Superior temporal3−58−34204.98R Inferior parietal146−50524.40L Supramarginal1−58−26204.09  Salience networkL Thalamus7−10−2284.72L Hippocampus−14−3483.88  Frontal networkR Anterior cingulum125646204.19R Medial superior frontal242443.83L Anterior cingulum−226243.52[^6]Fig. 2Reduced resting state functional connectivity in the investigated networks in patients with posterior cortical atrophy compared with healthy controls accounting for age and grey matter atrophy. Results are overlaid on the Montreal Neurological Institute standard brain in neurological convention (right is right), and displayed at p \< 0.05 family-wise error (FWE) corrected for multiple comparisons. Coloured bars represent p values.Fig. 2

3.5. Correlations {#s0105}
-----------------

In each patient group (separately), no correlation was found between MRI metrics and disease duration and severity. In Sample\#1, reduced RS functional connectivity of the left middle occipital gyrus within the DMN was associated with right SLF alterations (increased MD: Spearman\'s rho = −0.92, p = 0.04). In Sample\#2, reduced RS functional connectivity of the right precuneus within the DMN was associated with left ILF changes (increased MD: Spearman\'s rho = −0.78, p = 0.01; increased axD: Spearman\'s rho = −0.73, p = 0.04).

4. Discussion {#s0110}
=============

In this study, we reported patterns of brain structural and RS functional connectivity features of two independent samples of PCA patients. Compared to healthy controls, both PCA groups showed damage of the CC, SLF and ILF, and decreased RS functional connectivity within the visual network and DMN. In PCA patients with longer disease duration and greater disease severity, WM damage extended to the cingulum and RS functional connectivity alterations spread within the frontal, dorsal attentive and salience networks. In line with previous studies ([@bb0145]; [@bb0175]; [@bb0270]), we detected areas of GM volume loss in both PCA samples, with the greater extent to occipital-parietal and occipito-temporal cortices.

According with the clinical syndrome and previous studies ([@bb0055]; [@bb0165]; [@bb0185]; [@bb0190]), common WM damage across PCA groups were found in the ventral (ILF) and dorsal (SLF) structural visual pathways. In addition, PCA patients showed the involvement of the CC, which has been found to be a common target of pathology shared by syndromic variants of AD ([@bb0055]; [@bb0165]; [@bb0180]). Pathological studies in PCA patients, reporting pathological features of AD, showed the greatest density of senile plaques and neurofibrillary tangles in occipitoparietal cortices and posterior cingulate cortex ([@bb0125]; [@bb0160]; [@bb0260]). Thus, microstructural damage to the visual pathways and CC can be related with neuronal degeneration of the posterior brain cortices. ILF involvement, due to its crucial role in carrying the visual information from occipital areas to the temporal lobe ([@bb0070]), is likely to contribute to deficits such as object recognition, prosopagnosia and/or alexia ([@bb0095]; [@bb0100]; [@bb0240]). Damage of the SLF, which links the parietal lobes to the frontal brain regions ([@bb0065]), may be related to the patient dorsal symptoms, such as the altered detection of object locations, neglect and optic ataxia ([@bb0025]; [@bb0090]). Furthermore, SLF involvement together with that of the body of CC (with fibers projecting to the motor regions) may be associated with the ideomotor apraxia present in some of our cases ([@bb0060]). Finally, in both samples we observed changes in the splenium of the CC that could be associated not only with visuospatial but also with memory deficits ([@bb0225]).

Functional connectivity was affected in both the visual network and posterior regions of the DMN in patients with PCA regardless the clinical stage. Findings on the visual network are in agreement with two previous RS fMRI studies of PCA ([@bb0155]; [@bb0195]), supporting the early involvement of syndrome-specific brain networks in AD variants ([@bb0150]; [@bb0210]). We observed a decreased functional connectivity in the posterior cortical hubs of the DMN, according to its central role across AD phenotypes ([@bb0155]; [@bb0150]; [@bb0210]). A correspondence between regions of GM atrophy in PCA patients and posterior-DMN functional connectivity map derived from healthy subjects has been reported ([@bb0150]; [@bb0210]). Contrary to previous studies ([@bb0155]; [@bb0195]), we did not find areas of increased DMN connectivity in PCA patients relative to controls. Hyperconnectivity, which has been previously observed also in typical late-onset AD ([@bb0005]; [@bb0085]), has been attributed to multiple pathophysiological factors ([@bb0115]) including aberrant communication in response to brain damage and neural resilience during the initial stage of brain dysfunction which usually disappears with the disease progression. The variability of clinical data and structural damage amount among study samples may explain the lack or the presence of increased connectivity patterns in the fMRI literature of AD.

The observation of findings obtained in our two PCA samples may help elucidating trajectories of disease spreading. In agreement with previous studies ([@bb0055]; [@bb0165]; [@bb0185]; [@bb0190]), DT MRI showed more extensive changes than expected purely due to the posterior atrophy seen on structural imaging. In addition, PCA patients with longer disease duration and greater disease severity showed further WM damage to the cingulum as well as decreased functional connectivity in the frontal, salience, and dorsal-attentive networks. All together, these findings may provide evidence that disease targets posterior DMN and visual (syndrome-specific) network simultaneously at onset. According to the network-based degeneration hypothesis ([@bb0230]), neurodegeneration spreading in PCA may then rapidly involve lateral parieto-temporal cortices and finally follow posterior-to-anterior pathways to reach most distant frontal cortical hubs and basal ganglia. The distributed WM damage observed in our patients suggests that pathology may propagate stepwise through CC and long-distance structural connections such as the cingulum, ILF and SLF. As a support of this latter, in both our samples we observed that the reduced DMN functional connectivity was associated with structural alterations of the right SLF and left ILF. Obviously, a better understanding of the evolution of the disease requires longitudinal studies. In a cognitively normal research volunteer who developed a ventral phenotype of PCA and was followed up for 5 years, structural MRI analysis revealed atrophy which was initially most marked in inferior temporal and posterior parietal cortices before spreading to occipital cortices and subsequently to more anterior regions ([@bb0140]).

Although clinical differences are our first explanation for different MRI findings between patient populations, we cannot exclude that they are due to heterogeneity in terms of underneath pathology. In this study, we provided AD biomarkers for the majority of cases. However, as suggested by the last consensus classification for PCA ([@bb0080]), alternative pathologies such as corticobasal degeneration and Lewy body disease could be the cause of neurodegeneration in PCA cases leading to different patterns of damage. In addition, different MR scanners and magnetic field strengths (1.5 vs 3 T) may have affected findings in distinct ways with 1.5 T having higher risk of false positive results due to a worse signal to noise ratio (SNR) but 3.0 T being characterized by an increased level of artifacts. While it is unlikely that 1.5 and 3 T scans did significantly differ in their power to detect GM atrophy patterns on T1-weighted images ([@bb0120]), the increased SNR at 3.0 T should have been resulted in smaller variances in estimated DT MRI parameters ([@bb0010]). Indeed, although the amount of EPI distortion roughly doubled going from 1.5 T to 3.0 T, it is reduced by 50% when using parallel imaging as in our protocol ([@bb0010]). In addition, higher fields should also result in improved sensitivity and spatial specificity for detection of fMRI signal ([@bb0265]).

Some additional methodological shortcomings should be considered when interpreting our data. An important caveat is the lack of pathological confirmation for the clinical diagnosis. However, a multidisciplinary panel of clinicians, experts in the field, evaluated all patients. In addition, for the majority of patients, the clinical diagnosis was biomarker-supported thus increasing diagnostic certainty, at least for the underneath AD pathology. Second, this is a cross-sectional study. Third, although we replicated similar findings in two independent samples, overall sample size is still relatively small and this is probably the reason why we did not observe a significant association between MRI alterations and clinical features.

To conclude, in two independent samples of PCA patients, we showed distributed WM damage suggesting DT MRI as a potential adjunct in the early diagnosis of PCA. Moreover, altered RS functional connectivity extends with disease worsening from occipital to temporo-parietal and frontostriatal regions, and we speculated that this may likely occur through WM connections. Future larger and longitudinal studies are needed to verify our hypotheses on damage spreading in PCA and establish whether a combined DT MRI/RS fMRI approach is promising in monitoring the disease progression.
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Supplementary materialImage 1

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.nicl.2018.06.013>.

[^1]: These authors contributed equally to this work.

[^2]: Values denote means ± standard deviations (range or frequencies). CSF normal values Sample\#1: Aβ~42~ \> 563.1 ng/L; T-tau \< 244.7 ng/L; p-Tau \< 83.4 ng/L. CSF normal values Sample\#2: Aβ~42~ \> 500 ng/L; T-tau \< 450 ng/L; p-Tau \< 61 ng/L.

[^3]: Abbreviations: Aβ~42~ = amyloid β 42; ADL = activities of daily living; CDR = clinical dementia rating scale; CSF = cerebrospinal fluid; HC = healthy controls; MRI = magnetic resonance imaging; NC = not comparable (different clinical scales); PCA = posterior cortical atrophy; p-tau = phosphorylated protein tau; SB = sum of boxes; T-tau = total tau. \* = available for three patients from sample\#1 and 9 from sample\#2

[^4]: + = deficit present at the time of the visit; \* = difficulties in discriminating visual features; L/R = left and right.

[^5]: Values are means ± standard deviations. P values refer to ANCOVA model adjusted for age and Bonferroni-corrected for multiple comparisons. Abbreviations: axD = axial diffusivity; CC = corpus callosum; FA = fractional anisotropy; HC = healthy controls; ILF = inferior longitudinal fasciculus; L = left; MD = mean diffusivity; PCA = posterior cortical atrophy; R = right; radD = radial diffusivity; SLF = superior longitudinal fasciculus; UNC = uncinate fasciculus.

[^6]: Coordinates (x, y, z) are in Montreal Neurological Institute space. Results are shown at p \< 0.05 family-wise error corrected for multiple comparisons. Abbreviations: L = left; R = right.
